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In this issue ofNeuron, Manita et al. (2015) report that reciprocal excitatory interactions between higher-order
frontal motor cortex and primary sensorimotor cortex might play a key role in hindlimb sensory perception
in mice.Sensory percepts are not out there in the
world around us; rather, they are internal
constructs, actively generated by neurons
in the brain. Sensory perception can be
viewed as an active process in which
motor commands move sensors to selec-
tively acquire sensory information as neu-
rons actively construct subjective sensory
percepts based on that information.
For instance, humans actively initiate eye
movements to foveate on specific parts
of the visual world around us and palpate
objects with hands and fingers to sense
the texture and shape of objects. These
internal motor commands control impor-
tant aspects about what sensory informa-
tion the brain will receive. This incoming
sensory information is processed in
a highly experience-dependent and
context-dependent manner to give rise
to our subjective reality. Subjective per-
cepts are based not only on the current
incoming sensory information, but also
on expectations, current behavioral goals,
and previous experiences in the near or
distant past. Sensory percepts might
operationally be considered as learned,
context-dependent associations arising
from sensorimotor interactions with ourimmediate environment. Thus, sensory
perception, which at first glance seems
intuitively simple, is in fact a very complex
phenomenon. In order to understand sen-
sory perception, we need to look closely
at learning, context, and sensorimotor in-
teractions. Given this complexity, one
might suspect that interactions between
many different brain areas, including at
least sensory and motor cortices, might
be of fundamental importance for sensory
perception. In this issue ofNeuron, Manita
et al. (2015) find that interactions between
higher-order frontal cortex and primary
sensorimotor cortex appear to be neces-
sary for accurate hindpaw tactile sensory
perception in mice.
Manita et al. (2015) use voltage-sensi-
tive dye imaging of dorsal mouse cortex
(Ferezou et al., 2007) to localize a region
(M2) in frontal cortex activated by hind-
paw stimulation in a manner dependent
upon activity in hindpaw S1/M1 (hindpaw
S1 and M1 are thought to be largely colo-
calized in rodents) (Figure 1A). Adeno-
associated virus expressing GFP for
anterograde tracing revealed direct excit-
atory projections from hindpaw S1/M1 to
M2, which could mediate the sensoryresponse in M2. However, in contrast to
the 6 ms delay between activity in sen-
sory and motor cortex upon whisker stim-
ulation, consistent with a monosynaptic
relay (Ferezou et al., 2007; Matyas et al.,
2010), the delay of the M2 response
observed by Manita et al. (2015) was
much longer (30 ms in voltage-sensitive
dye imaging and 50 ms in electrophysi-
ological recordings of action potential
firing) (Figure 1B). The circuits functionally
connecting hindpaw S1/M1 and M2 may
therefore be more complex than mono-
synaptic excitation.
Having localized hindpaw M2, Manita
et al. (2015) investigated the role of M2
in top-down control of sensory process-
ing in S1/M1, with which it is reciprocally
connected through long-range excitatory
glutamatergic projections. The early ac-
tivity evoked by hindlimb stimulation in
S1/M1 was followed by a second late
excitatory component, which could be
suppressed by pharmacological inactiva-
tion of M2. The sequence of hindlimb-
evoked activity therefore appears to
consist of at least three parts: (i) thala-
mocortical excitation of S1/M1, (ii) S1/
M1-dependent excitation of M2, and (iii)
Figure 1. Reciprocal Excitatory Interactions between
Hindlimb Primary Sensorimotor Cortex and Secondary
Motor Cortex May Contribute Importantly to
Generating Sensory Percepts
(A) Schematic drawing of a mouse brain indicating reciprocal
excitatory synaptic connectivity between hindlimb primary
sensorimotor cortex (S1/M1) and a frontal secondary motor
area (M2). S2, secondary somatosensory cortex.
(B) Schematic sequence of activity evoked by hindlimb stimula-
tion. Early action potential (AP) firing in S1/M1 (red) is followed
by firing of M2 neurons (blue) and then late firing in S1/M1.
(C) Schematic drawing of the cortical circuit generating rever-
berating activity between S1/M1 and M2. Sensory-evoked
ctivity in S1/M1 drives M2 neurons through
edforward connections. M2 drives S1/M1
rough feedback connections in part
cated on the apical dendrites of layer 5
yramidal cells in layer 1 (L1).
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tation of S1/M1 (Figure 1B). Such
reverberant, recurrent excitatory
activity between frontal and sensory
cortex, long outlasting the sensory
stimulus, might be a fundamental
mechanism underlying the active
construction of context-dependent
sensory percepts. Indeed, late sec-
ondary depolarization in primary
somatosensory barrel cortex corre-
lates and causally contributes to
subjective sensory percepts in a
whisker-dependent task in mice
(Sachidhanandam et al., 2013).
Furthermore, in monkeys perform-
ing a visual task, perceived stimuli
were found to correlate with late ac-
tivity in primary visual cortex, which
was suppressed in trials where the
same stimulus was not perceived
(Supe`r et al., 2001). In humans,
electroencephalogram recordings
of early visual areas also indicate
that late potentials correlate with
consciously perceived stimuli (Del
Cul et al., 2007). It is thus tempting
to speculate the general importance
of late secondary potentials, result-
ing from reciprocal interactions
between higher-order cortex and
primary sensory cortex, for various
forms of sensory perception in spe-
cies ranging from mouse to human.
Manita et al. (2015) further probed
the cellular mechanisms underlying
the M2 top-down control of S1/M1
activity. The axonal projection
from M2 was densest in the most
superficial outer layer of the
neocortex, layer 1 (L1). This layer of
the neocortex contains axons,
GABAergic inhibitory neurons, and
dendrites of excitatory pyramidal
neurons. The activity of individual
dendrites of layer 5 pyramidal neu-
rons in L1 of S1/M1 was measured
using two-photon calcium imaging
(Xu et al., 2012), while M2 was either
inactivated or stimulated. The results
of Manita et al. (2015) were consis-
tent with regenerative dendritic
events contributing to the late sec-
ondaryexcitationofS1/M1,primarily
in layer 5 neurons, by excitatory L1
input from M2 (Figure 1C). Despite
being strongly electrotonically atten-
uated, distal dendritic synaptic inputNeuron 86, Jcan profoundly affect somatic action
potential firing through local regener-
ative dendritic events such as NMDA
spikes, sodium spikes, and calcium
spikes (Larkum et al., 2009; Smith
et al., 2013).
Although most of the results from
Manita et al. (2015) were obtained
under anesthesia, the authors car-
ried out an elegant series of experi-
ments to test the hypothesis that
M2 input to S1/M1 might contribute
to sensory perception in behaving
mice. The authors expressed a
light-activated genetically encoded
proton pump (ArchT) (Han et al.,
2011) in M2 neurons. Upon light
stimulation, ArchT transports pro-
tons out of the cell across the
plasma membrane causing hyper-
polarization. By selectively illumi-
nating the axons of M2 neurons in
S1/M1, the authors aimed to block
action potential propagation and
thus specifically inhibit the feedback
from M2 to primary sensorimotor
cortex. Using a wireless LED for
rapid optogenetic inhibition, the
authors studied the role of M2 top-
down input to S1/M1 in a range of
tactile sensory behaviors in freely
moving mice. Optogenetic inhibition
of M2 input to S1/M1 strongly
reduced innate texture preference
in mice exploring an environment
with different texture surfaces. Inhi-
bition of M2 inputs inhibited sen-
sory-evoked hind-paw movements.
In a texture discrimination task,
mice showed reduced performance
when top-down M2 axons were
inhibited in S1/M1. Altogether, the
behavioral data of Manita et al.
(2015) suggest a profound role for
top-down excitatory input from fron-
tal cortex to primary sensorimotor
cortex in behavioral readouts of sen-
sory perception.
Top-down inputs onto primary
sensory areas are supposed to
modulate sensory processing ac-
cording to context, learned experi-
ence, or behavioral state, therebya
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more relevant. Although Manita et al.
(2015) clearly demonstrate the potential
importance of M2 feedback for accurate
sensory perception, it would be of great
interest in future studies to determine to
what extent this feedback is modulated
by the behavioral context and whether
the late sensory-evoked response in S1/
M1 correlates with behavior (Supe`r et al.,
2001; Del Cul et al., 2007; Sachidhanan-
dam et al., 2013). One might also specu-
late that other cortical areas may
contribute to top-down modulation of
S1. The secondary somatosensory area
(S2) is also reciprocally connected to S1
(Aronoff et al., 2010). Different sensory in-
formation is relayed to M1 and S2 from S1
(Yamashita et al., 2013), which could pro-
vide different feedback to S1 depending
on the behavioral context. The role of
other brain areas, such as thalamus
(Gambino et al., 2014) or basal ganglia
sensorimotor networks, should also be
investigated. Perception is a complex,1118 Neuron 86, June 3, 2015 ª2015 Elseviehighly integrative and adaptive cognitive
function, and we are only just beginning
to define the underlying long-range cir-
cuitry (Xu et al., 2012; Yamashita et al.,
2013; Guo et al., 2014; Zhang et al., 2014).REFERENCES
Aronoff, R., Matyas, F., Mateo, C., Ciron, C.,
Schneider, B., and Petersen, C.C.H. (2010). Eur.
J. Neurosci. 31, 2221–2233.
Del Cul, A., Baillet, S., and Dehaene, S. (2007).
PLoS Biol. 5, e260.
Ferezou, I., Haiss, F., Gentet, L.J., Aronoff, R.,
Weber, B., and Petersen, C.C.H. (2007). Neuron
56, 907–923.
Gambino, F., Page`s, S., Kehayas, V., Baptista, D.,
Tatti, R., Carleton, A., and Holtmaat, A. (2014). Na-
ture 515, 116–119.
Guo, Z.V., Li, N., Huber, D., Ophir, E., Gutnisky, D.,
Ting, J.T., Feng, G., and Svoboda, K. (2014).
Neuron 81, 179–194.
Han, X., Chow, B.Y., Zhou, H., Klapoetke, N.C.,
Chuong, A., Rajimehr, R., Yang, A., Baratta,
M.V., Winkle, J., Desimone, R., and Boyden,
E.S. (2011). Front. Syst. Neurosci. 5, 18.r Inc.Larkum, M.E., Nevian, T., Sandler, M., Polsky, A.,
and Schiller, J. (2009). Science 325, 756–760.
Manita, S., Suzuki, T., Homma, C., Matsumoto, T.,
Odagawa, M., Yamada, K., Ota, K., Matsubara, C.,
Inutsuka, A., Sato, M., et al. (2015). Neuron 86, this
issue, 1304–1316.
Matyas, F., Sreenivasan, V., Marbach, F., Wa-
congne, C., Barsy, B., Mateo, C., Aronoff, R.,
and Petersen, C.C.H. (2010). Science 330, 1240–
1243.
Sachidhanandam, S., Sreenivasan, V., Kyriakatos,
A., Kremer, Y., and Petersen, C.C.H. (2013). Nat.
Neurosci. 16, 1671–1677.
Smith, S.L., Smith, I.T., Branco, T., and Ha¨usser,
M. (2013). Nature 503, 115–120.
Supe`r, H., Spekreijse, H., and Lamme, V.A. (2001).
Nat. Neurosci. 4, 304–310.
Xu, N.L., Harnett, M.T., Williams, S.R., Huber, D.,
O’Connor, D.H., Svoboda, K., and Magee, J.C.
(2012). Nature 492, 247–251.
Yamashita, T., Pala, A., Pedrido, L., Kremer, Y.,
Welker, E., and Petersen, C.C.H. (2013). Neuron
80, 1477–1490.
Zhang, S., Xu, M., Kamigaki, T., Hoang Do, J.P.,
Chang, W.C., Jenvay, S., Miyamichi, K., Luo, L.,
and Dan, Y. (2014). Science 345, 660–665.
